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Transformation studies with Saccharomyces cerevisiae (bakers' yeast) have
identified DNA sequences which permit extrachromosomal maintenance of
recombinant DNA plasmids in transformed cells. It has been hypothesized that
such sequences (called ARS for autonomously replicating sequence) serve as
initiation sites for DNA replication in recombinant DNA plasmids and that they
represent the normal sites for initiation of replication in yeast chromosomal DNA.
We have constructed a novel plasmid called TRP1 RI Circle which consists solely
of 1,453 base pairs of yeast chromosomal DNA. TRP1 RI Circle contains both the
TRPI gene and a sequence called ARSI. This plasmid is found in 100 to 200 copies
per cell and is relatively stable during both mitotic and meiotic cell cycles.
Replication of TRP1 RI Circle requires the products of the same genes (CDC28,
CDC4, CDC7, and CDC8) required for replication of chromosomal DNA. Like
chromosomal DNA, its replication does not occur in cells arrested in the Gl phase
of the cell cycle by incubation with the yeast pheromone a-factor. In addition,
TRP1 RI Circle DNA is organized into nucleosomes whose size and spacing are
indistinguishable from that of bulk yeast chromatin. These results indicate that
TRP1 RI Circle has the replicative and structural properties expected for an origin
of replication from yeast chromosomal DNA. Thus, this plasmid is a suitable
model for further studies of yeast DNA replication in both cells and cell-free
extracts.

Yeast cells can be transformed by recombi-
nant DNA plasmids containing a selectable
yeast gene (21). When certain sequences from
yeast DNA are cloned into such plasmids, they
enable them to transform at high frequency
(_103 to 10 transformants per p.g; 4, 42) and to be
maintained in transformed cells as supercoiled
extrachromosomal molecules. It has been hy-
pothesized that sequences which promote high-
frequency transformation and extrachromosom-
al maintenance of recombinant DNA plasmids
are serving as initiation sites for DNA replica-
tion in plasmid molecules (22, 42). In addition, it
has been suggested that these sequences normal-
ly serve as initiation sites for DNA replication in
the intact chromosome.

Replication of chromosomal DNA in yeast
requires the products of a number of cell cycle
(CDC) genes. The products of CDC28, CDC4,
and CDC7 act sequentially before the initiation
of DNA synthesis, whereas the products of
CDC8 and CDC21 are required continuously
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during the S phase (18-20). The product of only
one of these genes (CDC21), thymidylate syn-
thetase, has been identified (5). Replication of
the multiple-copy endogenous plasmid of yeast
called 2, DNA also depends on these gene
products (26, 32). In contrast, replication of
yeast mitochondrial DNA occurs in the absence
of an active CDC28, CDC4, or CDC7 gene
product (13, 30) and in the presence of the yeast
pheromone a-factor (14, 31), which inhibits rep-
lication of both chromosomal and 2> DNAs (8,
26). Moreover, both yeast chromosomal and 2>
DNAs are organized in typical nucleosomal sub-
units (25, 27, 28), whereas mitochondrial DNA is
not believed to be associated with histones (9,
33).

In this paper we describe the construction and
stability properties of a multiple-copy extrachro-
mosomal plasmid called TRP1 RI Circle, a plas-
mid comprised solely of yeast DNA. TRP1 RI
Circle was constructed by the self-ligation of a
1.45-kilobase (kb) EcoRI fragment from yeast
chromosomal DNA which bears both the struc-
tural gene for TRPI and a sequence called ARSI
(autonomously replicating sequence) capable of
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promoting high-frequency transformation and
extrachromosomal maintenance of plasmid
DNAs (41). We show that the plasmid exists in
100 to 200 copies per cell and is maintained with
high stability during both mitotic and meiotic
cell cycles. In addition, we report that (i) replica-
tion of the TRP1 RI Circle depends on the same
gene products required for replication of yeast
chromosomal DNA and (ii) TRP1 RI Circle is
organized into a typical nucleosomal structure.
Because these properties are those expected for
a chromosomal origin of replication, our data
support the hypothesis that sequences which
promote high-frequency transformation and ex-
trachromosomal maintenance of plasmid DNAs
function as initiation sites for DNA replication.

MATERIALS AND METHODS
Strains and growth conditions. The strains used or

constructed (or both) in this work are listed in Table 1.
The techniques and growth media used for genetic
constructions and analysis were essentially as de-
scribed previously (39). The following media were
used. YMHU contains (per liter) 0.67 g of yeast
nitrogen base without amino acids or ammonium sul-
fate (Difco Laboratories), 5 g of (NH4)2SO4, 20 g of

glucose, 40 mg of histidine-hydrochloride, and 20 mg
of uracil. YEPD contains (per liter) 20 g of glucose, 20
g of peptone (Difco), and 10 g of yeast extract (Difco).
Y complete minus tryptophan contains (per liter) 20 g
of glucose; 1.2 of yeast nitrogen base; 2.5 g of
(NH4)2SO4; 10 g of succinic acid; 6 g of NaOH; 0.1 g
each of adenine, lysine, arginine, threonine, and cys-
teine; 0.05 g each of histidine, tyrosine, leucine, methi-
onine, serine, valine, isoleucine, phenylalanine, and
proline; and 3 mg of uracil (pH 5.8). For the a-factor
experiment, less NaOH was added to Y complete
minus tryptophan to adjust the pH to 3.5.

Purfication of TRP1 RI Circle DNA. JSY7/T cells
were grown to a density of approximately 2 x 10' cells
per ml in YEPD or to a density of 2 x 107 cells per ml
in YMHU. The cells were harvested by centrifugation
(3,000 rpm, 45 min, 4°C, IEC centrifuge, 6-liter rotor).
Most of the medium was removed, and the cells were
recentrifuged (10,000 rpm, 10 min, 4C, Beckman J2-
21 centrifuge, JA 14 rotor). Cells were suspended (to a
density of approximately 2 x 1010 per ml for cells
grown in YEPD or 2 x 109 per ml for cells grown in
YMHU) in a solution containing 50 mM potassium
phosphate (pH 7.8), 0.9 M sorbitol, and 50mM EDTA,
frozen in liquid nitrogen, and stored at -70°C. The cell
suspension was thawed, Zymolyase-60,000 (Kirin
Brewery Co., Japan) was added to a concentration of
0.5 mg/ml, and the cells were incubated for 1 h at 0°C

TABLE 1. S. cerevisiae strains useda
Strain Genotype Source

atrpl mato trpl Lynna Hereford
198 mata adel,2 ural his7 tyrl Iys2 cdc8-1 Leland Hartwell
314 mata adel,2 ural his7 tyrl lys2 cdc4-1 Leland Hartwell
SR668-2 mata tyrl leu2 trpi adel cyh2 cdc284 Steven Reed
NNY1 mata ura3 trpl Ahis3-l/cir0 Stewart Scherer
JSY7/T mata ura3 trpl Ahis3-)ITRP1 RI Circle cir° This work
JSY9tT mata trplfRPl RI Circle This work
Jsy1ln mata trpl/YRp7 This work
JSY12/T mata ura3 Ahis3-1 trpl/R RI Circle cir° This work
JSY15M mata ura3 Ahis3-1 trplIYRp7 cir° This work
JSY65 mata ade his trpl cdc8-1 This work
JSY202 mata ural tyr) ade Iys2 trpl This work
JSY204 mata ural tyr) ade Iys2 trpl cdc4-] This work
RH15e2/T mata ura cdc74 trplrJRl RI Circle Robert Hice
JSY322/1T mata ura Ahis3-1 trpYr1TRP RI Circle This work
JSY334/T mata ura his cdc4-1 trpflRSPl RI Circle This work
JSY487/T mata tyrl his ura cdc284 trpI/TR RI Circle This work
JSY488/T mata tyrl ura cdc284 trplfTRl RI Circle This work
JSY542JT mata ura cdc8-1 trp/TRP1 RI Circle This work

a Strains atrpl, 198, 314, SR668-2, NNY1, and RH15e2/T were generously provided by the persons indicated.
Strain NNY1 was the product of the transplacement of Ahis3-1 into the yeast chromosome which was described,
but not named, by Scherer and Davis (36). The remaining strains were constructed in this work. Symbols used in
the genotype after "/" refer to extrachromosomal plasmids. In the strain names " /T" or " /7" indicates that the
strain contains TRP1 RI Circle or YRp7, respectively. JSY7/T was constructed by transformation ofNNY1 with
the ligation mixture in which TRP1 RI Circle was first formed. The TRP1 RI Circle DNA purified from JSY7/T
(as described in the text) was used to transform NNY1 to yield JSY12/T and to transform atrp) to yield JSY9/T.
JSYlin and JSY15/7 were YRp7 transformants of atrpl and NNY1, respectively. JSY65 was a haploid progeny
from a diploid formed between atrp) and 198. JSY202 and JSY204 were progeny of a cross between atrp) and
314. JSY12tI was then mated with JSY202 and JSY204 to yield haploid progeny containing TRP1 RI Circle,
JSY322/T, and JSY334/T, respectively. JSY322/T was then mated with SR668-2 and sporulated to yield haploid
strains containing TRP1 RI Circle (JSY487/T and JSY488iT). JSY322fT was also crossed with JSY65 to yield
JSY542Tl.
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until spheroplasts were formed. Sodium dodecyl sul-
fate was added to a concentration of 1%, the lysate
was mixed well by inversion, and potassium acetate
was added to 1 M. The mixture was chilled on ice
overnight (approximately 16 h), and cell debris, large
DNA, and sodium dodecyl sulfate were pelleted by
centrifugation (JA 20 rotor, 15,000 rpm, 4°C, 30 min).
The supernatant was extracted twice with chloroform-
phenol (1:1, wtlwt) and twice with diethyl ether.
Phases were separated by centrifugation (JA 20 rotor,
23°C, 10,000 rpm, 10 min) for both the chloroform-
phenol extractions and for the first diethyl ether ex-
traction. After the first ether extraction, which pro-
duced a gelatinous material at the phase interface,
both liquid phases were decanted into a separatory
funnel (leaving the gel interface behind). Phases were
separated in the funnel, and the aqueous phase was
reextracted with ether. Two volumes of 100%o ethanol
were added to the aqueous phase, and the mixture was
stored at -200C for 1 h. The precipitate was collected
by centrifugation (JA 14 rotor, 15,000 rpm, 4°C, 30
min), drained, dried at room temperature, and redis-
solved in 4.0 ml of 10 mM Tris-hydrochloride (pH
7.5)-i mM EDTA containing 50 pLg of RNase A
(Worthington Diagnostics) per ml. The mixture was
digested at 37°C for 15 min and then adjusted to 150
mM NaCl. Debris was removed by centrifugation
(Eppendorf microfuge, 5 min, 23°C), and the superna-
tant removed. The pellet was successively resus-
pended four times in 10 mM Tris-hydrochloride (pH
7.5)-1 mM EDTA-150 mM NaCl followed by centrifu-
gation each time to remove debris. Supernatants con-
taining plasmid were pooled, adjusted to a density of
1.54 g/ml using cesium chloride and 1 mg of ethidium
bromide per ml, and centrifuged to equilibrium (42,000
rpm, 48 h, 20°C, Ti 60 rotor, Beckman Instruments,
Inc.). The gradient was collected into 25 fractions, and
samples of each fraction were extracted four times
with equal volumes of 2-propanol saturated with a
1.54-g/ml density solution of CsCl in 10 mM Tris-
hydrochloride (pH 7.5)-i mM EDTA. The samples
were diluted fourfold with 10 mM Tris-hydrochloride
(pH 7.5)-i mM EDTA, precipitated by the addition of
0.1 volume of 3 M sodium acetate (pH 5.5) and 2
volumes of 2-propanol, chilled in a dry ice-ethanol
bath for 10 min, collected by centrifugation in an
Eppendorf microfuge (10 min, 4°C), and examined by
agarose gel electrophoresis. Fractions containing
TRP1 RI Circle DNA were pooled, extracted with 2-
propanol, and precipitated as described above. This
DNA was used for restriction enzyme analysis (see
Fig. 2). TRP1 RI Circle DNA for use in yeast transfor-
mations was further purified by recentrifugation in
CsCl-ethidium bromide gradients as above.
Recombinant DNA manipulations and yeast transfor-

mation. YRp7 plasmid DNA was prepared from Esch-
erichia coli cells incubated for 14 to 16 h with 160 ,ug of
chloramphenicol per ml. Lysis of cells was done
essentially as described previously (23). Cleared ly-
sates were centrifuged to equilibrium in two succes-
sive ethidium bromide-CsCl gradients as described by
Bazarel and Helinski (2). The regions of the gradients
containing plasmid DNA were visualized by illumina-
tion with UV light and removed by side puncture. The
DNA was recovered as described for pooled TRP1 RI
Circle fractions (see above).
Yeast transformations were done essentially as de-

scribed previously (21), except that the spheroplast-
DNA mixture containing 40%o polyethylene glycol was
plated directly in regeneration agar. All recombinant
DNA manipulations were done in compliance with the
National Institutes of Health guidelines for recombi-
nant DNA research. After purification and retransfor-
mation into Saccharomyces cerevisiae strains the
TRP1 RI Circle is exempt from the recombinant DNA
guidelines since it contains only S. cerevisiae DNA.
Restriction enzymes were obtained from Boehringer-
Mannheim Corp., Bethesda Research Laboratories,
and New England Biolabs and used as directed. T4
DNA ligase was from P-L Biochemicals.

Radiolabeling of cells and extion procedures for
copy number determinations and replication experi-
ments. Cultures were grown at 23 to 25°C for about six
generations in medium containing 1 FCi of [2-'4C]ura-
cil per ml to a density of about 6 x 106 cells per ml. In
most experiments, cells were removed by filtration
from the medium containing [14C]uracil and then sus-
pended in an equal volume offresh medium containing
10 FCi of [6-3H]uracil. In the experiment with strain
JSY334/T (cdc4), [3H]uracil was added directly to the
medium containing [14C]uracil. The cultures were re-
turned to 25°C for 10 min and then divided into two
portions. One portion was maintained at 25°C, and the
other was either transferred to 37°C (for strains
JSY322/T, RHlSe2fl, JSY334/T, and JSY542/T) or to
38°C (for strains JSY487/T and JSY488jT) or main-
tained at 25°C in the presence of sufficient a-factor
(partially purified by the procedure described in refer-
ence 16) to arrest cells for two generations (strain
RH15e2/T, a-factor experiment). At appropriate inter-
vals, samples (30 to 85 ml), were removed, pelleted by
centrifugation, and washed two times in cold distilled
water. The samples were processed by the procedure
of Davis et al. (15), except that spheroplasts were
formed by using 450 Fg of Zymolyase 60,000 per ml in
SCE (1 M sorbitol, 0.1 M sodium citrate, 0.06 M
EDTA, pH 7.0) containing 13 mM I-mercaptoethanol.
After lysis and addition of sodium acetate, prepara-
tions were maintained on ice for 30 min. Samples were
incubated with 200 pLg of DNase-free pancreatic
RNase for 1 h at 37°C and then run on 0.7% agarose
gels as described previously (46). DNA in the individ-
ual lanes was treated with 0.25 N HCI (44) to facilitate
transfer of large and supercoiled DNAs, denatured in
0.5 M NaOH 1.5 M NaCl (two washes, 40 min each),
neutralized, and then transferred to nitrocellulose
(Schleicher & Schuell Co., 0.45 jam) by the procedure
of Southern (40). The nitrocellulose strips were rinsed
in 700o ethanol, dried, cut into segments 0.5 cm in
length, and monitored for 3H and "4C counts per
minute (toluene-Omnifluor; New England Nuclear
Corp.).
Chromatin analysis. All manipulations for chromatin

analysis were done essentially as described for the
strain lacking 2A DNA (28), except that SHC was used
instead of SPC (SHC contains 1 M sorbitol, 20 mM
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
[pH 7.5], 0.1 mM CaC12), and the spheroplasts were
frozen as pellets in liquid nitrogen and stored at -70°C
for several weeks before lysis. Spheroplasts were
thawed and lysed by resuspension in a hypotonic
buffer containing 5 mM potassium phosphate (pH 7.2),
0.1 mM CaCl2, and 1 mM phenylmethyl sulfonyl
fluoride. After removal of a sample from each lysate

VOL. 2, 1982



224 ZAKIAN AND SCOTT

for the 0 time point, micrococcal nuclease (Worthing-
ton; 150 U/ml) was added. Additional samples were
removed after 3, 6, 12, 24, and 60 min at 37°C.
Reactions were stopped, and DNA was extracted and
subjected to electrophoresis in agarose gels as de-
scribed by Nelson and Fangman (28) and in the legend
to Fig. 5. The gel was acid treated, denatured, and
neutralized, and the DNA was transferred to diazo-
tized paper as described previously (44), except that
transfer was carried out overnight with a small-pore
plastic sponge serving as a wick. Diazotized paper was
prepared as described previously (1). YRp7 DNA was
nick translated with 32p (34), and 106 cpm was used for
hybridizations, which were carried out as described
previously (44). Autoradiography was for 12 h with
Kodak XRP-1 film and a Du Pont Quanta III b
intensifying screen at -70°C.

RESULTS
Construction and structure of TRP1 RI Cirde.

A 1.45-kb EcoRI restriction fragment from yeast
chromosomal DNA containing the TRPI gene
and a sequence called ARSI was excised from
the yeast vector YRp7 (42) and ligated at low
DNA concentration (2 ,ug/ml) to favor intramo-
lecular circularization and the elimination of
pBR322 DNA (Fig. 1). The ligation mixture was
used to transform a trpl strain of yeast (NNY1,
Table 1), and transformants were selected by
their ability to grow in the absence of trypto-
phan. Transformants were obtained at a fre-
quency of approximately 1 ,OOO/,g of TRPI-
ARSI EcoRI fragment present in the ligation
mixture. DNA was isolated from the trans-
formed cells (JSY7/T) and analyzed by agarose
gel electrophoresis (Fig. 2). Transformed cells
were found to contain multiple copies of a 1.45-
kb supercoiled plasmid. TRP1 RI Circle was
present in comparable amounts in strains con-
taining (cir+) or lacking (cir°) 2,u DNA, the
endogenous yeast plasmid (Fig. 2, lanes C and
E). The TRP1 RI Circle plasmid was purified
from JSY7/T cells, and its structure was verified
by cleavage with restriction endonucleases. Di-
gestion with EcoRI alone or with a combination
of EcoRI and HindIII yielded the fragments
expected for a plasmid consisting solely of the
1.45-kb yeast EcoRI fragment present in YRp7
(Fig. 2, lanes G through J). Purified TRP1 RI
Circle DNA transformed trpl strains (NNY1
and atrp)) at a frequency of 7,000 to 8,000
transformants per ,ug of DNA.
Copy number of TRP1 RI Circle. The number

of copies of 2,uDNA and TRP1 RI Circle per cell
at 25°C during the log phase of growth (Table 2)
was determined in six strains from the percent-
age of [14C]uracil counts per minute detected in
purified plasmid DNAs after their separation on
agarose gels and transfer to nitrocellulose (Fig.
3B). (A nonspecific DNA precursor was used for
isotopic labeling because yeast cells can not
utilize thymidine.) For all except the cdc28
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FIG. 1. Construction of TRP1 RI Circle. Four mi-
crograms of YRp7 DNA (42) purified from E. coli as
described in the text was digested to completion with a
combination of EcoRI and BamHI restriction endonu-
cleases. The digestion mixture was heated at 60°C for
10 min and then diluted to a concentration of 2 Fg/ml
in ligation buffer containing 50 mM Tris-hydrochloride
(pH 7.8), 10 mM MgCl2, 1 mM ATP, 20 mM dithioth-
reitol, and 0.01 Weiss unit of T4 DNA ligase. The
ligation mixture was incubated at 4°C for 2 days and
used to transform a trpl strain of yeast (NNY1).
Transformants were selected by their ability to grow in
the absence of tryptophan. Symbols for restriction
enzyme cleavage sites are as follows: R, EcoRI; H,
HindIII; B, BamHI; P, PstI; X, XbaI; D, Hindll; and
G, BglII.

strains (JSY487/T and JSY488/T), the copy num-
ber of 2,u DNA averaged 40 molecules per cell
(range of 27 to 64), and the copy number for
TRP1 RI Circle averaged 146 molecules per cell
(range of 97 to 203). (For strains JSY322/T and
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FIG. 2. Structure ofTRP1 RI Circle. DNA samples
were separated on a 1% agarose gel in TBE buffer
containing (per liter) 10.8 g of Trizma base (Sigma), 5.5
g of boric acid, and 0.93 g of disodium EDTA. Electro-
phoresis was for 4 h at 2.5 V/cm. The gel was stained
with 0.5 Rg of ethidium bromide per ml in the same
buffer and photographed by using transillumination
with UV light. Lanes A through E contain total DNA
from the following strains: A, NNY1; B, JSY7/T; C,
JSY121T; D, atrp); E, JSY9/T. These DNAs were
from cells grown to midlog phase (approximately 108
cells per ml) prepared essentially as described in
reference 39, except NNY1 DNA, which was purified
as described in the legend to Fig. 5. Lanes F through J
contain purified plasmid DNAs as follows: F, TRP1 RI
Circle; G, EcoRI-digested TRP1 RI Circle; H, EcoRI-
digested YRp7; I, EcoRI- and HindIII-digested TRP1
RI Circle; J, EcoRI- and HindIll-digested YRp7; and
K, HindIII-digested adenovirus 5 DNA. The YRp7
and TRP1 RI Circle DNAs were purified as described
in the text. The positions of covalently closed super-
coiled 2,u plasmid DNA (2Lm cc), relaxed circle 2>
DNA (2Qm rc), covalently closed supercoiled TRP1 RI
Circle DNA (TRP cc), and relaxed TRP1 RI Circle
DNA (TRP rc) are indicated.

RH15e2/T, in which copy numbers were deter-
mined in two independent experiments, the av-
erage of the values from the two experiments
was used as the strain value.) If the values from
the cdc28 strains are included, the average num-
ber of molecules per cell averaged 30 for 2.i
DNA and 120 for TRP1 RI Circle DNA. Our
copy number values for 2,u DNA are similar to
reported values: one study reported about 60
copies per haploid cell (12), and another report-
ed a range of 20 to 53 copies per haploid cell (38).
Because our values for 2p. DNA agree with
reported values and because they are reproduc-

ible within a strain (JSY332/T and RH15e2/T,
Table 2), we assume that our extraction proce-
dure is reasonably quantitative for all DNA
species in the cell.
Two different strains bearing the same allele

of cdc28 (cdc284, JSY487/T, and JSY488/T)
have reduced amounts of 2,u DNA (11 copies per
cell) and probably lower amounts of TRP1 RI
Circle DNA (an average of 67 copies per cell) at
permissive temperatures. Copy numbers for
both plasmids appear to be high in the cdc4
strain (JSY334/T; 64 copies of 2,u DNA, 203
copies of TRP1 RI Circle DNA). These data
suggest that the copy number of extrachromo-
somal plasmids can be influenced by the genetic
background of the strain containing them.
Growth rate of cells containing TRP1 RI Circle.

NNY1 cells grown in YMHU containing 20 ,ug
of tryptophan per ml at 30°C were found to have
a doubling time of 126 min. JSY7/T cells (con-
taining TRP1 RI Circle) grown in YMHU (no
tryptophan) under the same conditions had a
doubling time of 120 min. These data indicate
that the presence of more than 100 copies of a
chromosomal structural gene (TRPI) and a puta-
tive chromosomal origin (ARSI) on extrachro-
mosomal plasmids does not adversely affect the
growth rate of cells. For comparison, JSY15M
cells (containing YRp7) exhibited a population
doubling time of approximately 390 min under
the same conditions.

Mitotic stability ofTRP1 RI Circle. The mitotic
stability of TRP1 RI Circle in transformed cells
was determined in two strains, one which con-
tained 2,u DNA (JSY9/T, cir+) and one which
did not (JSY12/T, cir°). The stability of the Trp+
phenotype in these strains was compared with
that of the same strains transformed by YRp7
(JSY11/7, cir+; and JSY15/, cir°). The four
strains were grown at 23°C for approximately 15
generations to stationary phase in YMHU. Sam-
ples of each culture were diluted and plated on
media containing tryptophan. After colonies had
formed, they were replica plated to media lack-
ing tryptophan. Fewer than 5% of the JSYllM
cells and 12% of the JSY15/ cells were Trp+
(retained YRp7), whereas 86% of the JSY9/T
cells and 80% of the JSY12/T cells were Trp+
(retained TRP1 RI Circle). The strains contain-
ing TRP1 RI Circle were also diluted into YEPD
(a rich medium containing tryptophan) and
grown at 23°C to stationary phase (approximate-
ly 15 generations), and the percentage of Trp+
cells was determined. Again, a high percentage
of cells retained the TRP1 RI Circle (80o in
JSY9/T and 73% in JSY12/T). Thus, in compari-
son with YRp7 the TRP1 RI Circle is stable
during mitotic growth. Indeed, its stability is
comparable to that for plasmids containing a
yeast centromere (11).
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TABLE 2. Copy number of 2,u DNA and TRP1 RI Circle DNA
2> DNA TRP1 RI Circle DNA

Straina DNoftotAl Copies/cell oftwDNA Copies/cell

JSY322T (temperature resistant, 25°C) 1.4 ± 0.7 (4) 31 1.0 ± 0.7 (4) 97
JSY322/T (temperature resistant, 37°C) 1.3 ± 0.1 (2) 29 1.0 ± 0.7 (4) 97
JSY487/T (cdc28) 0.5 ± 0.1 (4) 11 0.6 ± 0.2 (4) 58
JSY488/T (cdc28) 0.5 ± 0.1 (3) 11 0.8 ± 0.1 (3) 77
JSY334/T (cdc4) 2.9 ± 1.8 (3) 64 2.1 ± 1.0 (4) 203
RH15e2/T (cdc) I 1.2 ± 0.5 (5) 27 1.6 ± 1.2 (5) 154
RH15e2/T (cdc7) II 1.3 ± 0.8 (5) 29 1.5 ± 0.9 (5) 145
JSY542/T (cdc8) 1.7 ± 0.5 (4) 38 1.4 ± 0.3 (3) 135

a Cells were grown in Y complete minus tryptophan which contains 3 ,ug of uracil per ml at 23 to 25°C. The pH
of the medium was 5.8 for all cultures except RH15e2/T (cdc) II, where the pH was 3.5. The percentage of
plasmid DNA per cell was determined from the ratio of 14C counts per minute in purified plasmid DNA to total
14C counts per minute in DNA after transfer to nitrocellulose. The number of independent DNA preparations
used to compute the average value is given in parentheses after the percentage value. The range of values from
different preparations is indicated. For TRP1 RI Circle copy number determinations included molecules
migrating at both the nicked and supercoiled positions (Fig. 3A). Because nicked molecules of 2, DNA are not
resolved from bulk DNA under our gel conditions, copy number determinations for 2F DNA include only
supercoiled molecules and are therefore sometimes underestimated. If a given DNA preparation contained a high
proportion of TRP1 RI Circle DNA in the nicked form (2 35% of total), that preparation was not used for
determining copy number of 2,u DNA. Plasmid copy number for RH15e2/T was determined during both the cdc7
experiment (I) and the a-factor experiment (II). Values used for sizes of the yeast haploid genome, 2,u DNA, and
TRP1 RI Circle were, respectively, 14,000 (Fangman and Zakian, in press), 6.32 (17), and 1.45 (43) kb.

Meiotic stability and segregation of TRP1 RI
Circle. Yeast strains containing TRP1 RI Circle
were mated with other trpl strains to form
diploids. Diploids containing TRP1 RI Circle
were selected on the basis of complementation
of unlinked markers and by their ability to grow
in the absence of tryptophan. The diploids were
sporulated at 23°C; haploid spores were separat-
ed by sonication to obtain random spores or by
tetrad dissection and were germinated by stan-
dard techniques (39). Sporulation and germina-
tion were carried out in the presence of trypto-
phan (i.e., without selection for TRP1 RI
Circle). The genotypes of the haploid clones
were determined by standard genetic tests, and
the presence ofTRP1 RI Circle was inferred by a
Trp+ phenotype. Very few of the asci obtained
under these conditions contained four spores.
The spores in five of five complete four-spore
tetrads derived from such four-spore asci dis-
played a segregation pattern of 4 Trp+:0 Trp-.
Of 84 dissected spores, 76% were Trp+. In
addition, from a total of 300 haploid clones
generated as random spores from six crosses,
78% were Trp+. In contrast, YRp7 is not trans-
mitted to spores when meiosis takes place in
media containing tryptophan and is transmitted
to only -25% of spores when meiosis takes
place in media lacking tryptophan (24). Thus, in
comparison with YRp7, TRP1 RI Circle is rela-
tively stable during meiosis. We have exploited
the ease with which TRP1 RI Circle can be
introduced into new trpl strains by genetic

crosses to construct a set of cdc/TRP1 RI Circle
strains which were used for the replication anal-
yses (Table 1 and above).

Replication of TRP1 RI Circle. Cultures were
prelabeled with [14C]uracil for about six genera-
tions to uniformly label DNA. Cells were re-
moved from the medium containing [14C]uracil
and incubated in fresh medium containing
[3H]uracil under both permissive and restrictive
conditions for the equivalent of about two gener-
ations for an unarrested population. Replication
of both 2ix DNA and TRP1 RI Circle DNA was
monitored by determining the 3H/14C ratio of
DNA molecules purified by agarose gel electro-
phoresis (Fig. 3A). An increase in 3H/14C ratio
for TRP1 RI Circle and for 2,u DNAs was used
as an index of replication (Fig. 4). Transfer of
DNA to nitrocellulose before determination of
[3H]- and [14C]uracil counts was necessary to
eliminate the uracil counts in contaminating
RNA. The [14C]uracil profile after such a trans-
fer (Fig. 3B) demonstrates that RNA is not
retained by the procedures used.
Yeast cells are arrested in the Gl phase by

both mating pheromones and by defects in sev-
eral cell cycle genes. The products of cell cycle
genes CDC28, CDC4, and CDC7 act late in the
Gl phase (35) in a sequential and dependent
pathway (19, 20) that leads to entry of cells into
the S phase. a-Factor arrests cells of a mating
type at the same point in the cell cycle as a
defect in the CDC28 gene. The product of the
CDC8 gene is required throughout the S phase.
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FIG. 3. Purification of plasmid DNAs by agarose gel electrophoresis and transfer to nitrocellulose. A,
Ethidium bromide-stained 0.7% agarose gel of nucleic acids extracted from strain JSY3341T (cdc4) grown at 25°C
(lanes 1 and 5) and 37°C (lanes 3 and 6). Samples were removed at 0.8 generations (lanes 1 and 3) and 1.2
generations (lanes 5 and 6) and extracted as described in the text. Lane 2 contains purified L and M double-
stranded RNAs (a gift from R. Wickner), which are multicopy genetic elements found in the cytoplasms of most
strains of S. cerevisiae (reviewed in reference 7). Both species of double-stranded RNAs are eliminated by
RNase treatment before electrophoresis. Lane 4 contains HindIII-cleaved DNA. The positions of covalently
closed 2p plasmid DNA (2jm), relaxed TRP1 RI Circle DNA [Trp(r)], and covalently closed TRP1 RI Circle
DNA lTRP(cc)] are indicated. B, Profile of [14C]uracil counts per minute (cpm) after transfer to nitrocellulose.
The DNAs in individual wells from agarose gels were transferred to nitrocellulose (40). After transfer of DNA,
each strip of nitrocellulose was cut into segments 0.5 cm in length, and the 14C and 3H counts per minute in each
segment were determined.

The data in Fig. 4 clearly show that replication
of TRP1 RI Circle, like that of chromosomal
DNA, is dependent on the products of the
CDC28, CDC4, CDC7, and CDC8 genes: TRP1
RI Circle is replicated at permissive tempera-
tures in all of these cdc strains, whereas little or
no synthesis of TRP1 RI Circle was detected at
restrictive temperatures (Fig. 4B, C, F, G, and
H). Synthesis of TRP1 RI Circle was only inhib-
ited at 37°C in cdc strains: in the temperature-
resistant strain JSY3221T, replication of TRP1
RI Circle occurred equally well at 25 and 37°C
(Fig. 4A). In addition, synthesis of TRP1 RI

Circle did not occur in cells incubated with a-
factor (Fig. 4D). In all experiments, the pattern
of replication for 2p DNA was also monitored
and found to be similar to that of TRP1 RI Circle
(Fig. 4E and I).

In both cdc28 strains (JSY487fT and JSY488/
T) at 25°C, the copy number of 2p and TRP1 RI
Circle DNAs was lower than in the other cdc
strains (Table 2). Moreover, during incubation at
38°C (restrictive temperature for' cdc28), the
amount of 2p and TRP1 RI Circle DNAs recov-
ered per cell decreased. After the equivalent of
two generations at 38°C in strain JSY487/T, no
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FIG. 4. Replication of TRP1 RI Circle and 2tL DNAS. Cultures were labeled with [14C]uracil for about six
generations at 23 to 25°C. For strain JSY334/T (F), [3H]uracil was added directly to the 14C-labeled cells. In all
other experiments, cells were transferred to fresh medium containing [3H]uracil. Cultures were divided into two
portions; one portion was maintained at 23 to 25°C (permissive temperature), and the other portion was
transferred to restrictive conditions (37 or 38°C [A, B, C, F, G, H, and I] or incubation with a-factor [D and E]).
The number of cells per milliiter was monitored in the control populations at 25°C (and in strain JSY322/T at
37°C) to determine generation time in an unarrested population. Samples were removed and processed
throughout a period corresponding to approximately two generations in the unarrested culture. The plasmid
species were purified by agarose gel electrophoresis and transfeiTed to nitrocellulose, and their 3H/14C ratios
were determined. The number of [14C]uracil counts per minute ranged from llO to 7,100 in a purifed nucleic acid
species. The panels represent replication of (A) TRP1 RI Circle DNA in JSY322/T (temperature resistant); (B)
TRPl RI Circle DNA in JSY488/T (cdc28); (C) TRP1 RI Circle DNA in JSY487/T (cdc28); (D) TRP1 RI Circle
DNA in RH15e2/T (a-factor); (E) 2,U DNA in RH15e2/T (a-factor); (F) TRP1 RI Circle DNA in JSY334/T (c&c);
(G) TRP1 RI Circle DNA in RH15e2/T (c&c); (H) TRP1 RI Circle DNA in JSY542/T (cdc8); (I) 2FL DNA in
JSY542/T (cdc8). Symbols: *, 'H/14C ratios at 23 to 25°C; O, 3H/14C ratios under restrictive conditions (37°C for
panels A, F, G, H, and I; 38°C for panels B and C; a-factor for panels D and E).
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14C counts per minute were detected in the
position of TRP1 RI Circle DNA. No detectable
peak of 14C counts per minute was seen in the
position of 2,u DNA after 2 generations at 38°C
for strain JSY488/1 and after 1.5 generations for
strain JSY487/1. Thus, 2,u and TRP1 RI Circle
DNAs not only require the CDC28 product for
replication, but they also appear to be selective-
ly degraded in cdc28 strains maintained at re-
strictive temperatures. It is possible that cdc284
strains have low copy numbers of extrachromo-
somal plasmids because these plasmids are de-
graded in cells arrested in the Gl phase of the
cell cycle by either temperature (as shown here)
or by maintenance in stationary-phase cultures.
Chromatin structure. Strains NNY1 and

JSY12/T were grown to midlog phase in YMHU
(supplemented with 40 ,ug of tryptophan per ml
for NNY1). Spheroplasts were formed, frozen in
liquid nitrogen, and stored at -70°C. Sphero-
plasts were thawed, lysed by suspension in
hypotonic buffer, and digested with micrococcal
nuclease, and the DNA samples were purified.
DNA fragments were separated on agarose gels,
transferred to diazotized paper, hybridized with
32P-labeled YRp7 DNA, and autoradiographed
(Fig. 5). The nucleosomal DNA fragments de-
rived from the single chromosomal copy of
TRPl-ARSl DNA are not detected by the expo-
sures used (NNY1; Fig. 5, lanes 1 through 6).
Therefore, the DNA fragments generated by
micrococcal nuclease digestion and detected by
autoradiography after hybridization with YRp7
represent the fragments derived from TRP1 RI
Circle. This pattern of fragments was indistin-
guishable from that detected by ethidium bro-
mide staining of the gel (representing the bulk of
yeast chromatin). The average size of the DNA
fragments protected after 12 min of digestion
with nuclease was 156 base pairs per nucleo-
some (data not shown), a size compatible with
published values (-160 base pairs; 16a). On the
longer gel (Fig. 5C and D), the ladder of frag-
ments detected by autoradiography continues to
a fragment of the size that would have contained
eight nucleosomes, with the full-length linear
plasmid band being found in the appropriate
position for a fragment which would have con-
tained nine nucleosomes. Therefore, the TRP1
RI Circle is organized into nucleosomes compa-
rable to the bulk of yeast chromatin and contains
at least eight and probably nine nucleosomes per
mini-chromatin circle.

DISCUSSION
Yeast transformation studies with recombi-

nant DNA plasmids have identified a class of
DNA sequences (ARSs) which promote high-
frequency transformation and extrachromosom-

al maintenance of plasmid DNAs. From analogy
with procaryotic systems, these properties are
those expected for sequences which serve as
initiation sites for DNA replication. The evi-
dence supporting the hypothesis that ARSs func-
tion as initiation sites for DNA replication in
both recombinant DNA plasmids and in intact
DNA molecules includes the following. (i) A
specific region from the endogenous yeast plas-
mid 2,uDNA functions as an ARS in transforma-
tion studies (6) and also appears to contain the
site used most frequently for initiation of DNA
replication in intact 2± DNA (28a). (ii) Se-
quences capable of high-frequency transforma-
tion occur about once in 30 to 40 kb of yeast
chromosomal DNA (3, 10), a spacing similar to
the spacing of initiation sites detected in small
molecules of chromosomal DNA by electron
microscopy (29). (iii) A subfragment containing
ARS1 from the 1.45-kb EcoRI TRPI fragment is
used preferentially as a template for DNA syn-
thesis in vitro in comparison with the adjacent
subfiagment (37). (iv) The region in 2,u DNA
which functions as an ARS in transformation
studies may also be used as an initiation site for
DNA replication in vitro (42a).

In this paper we describe the construction of a
novel yeast plasmid TRP1 RI Circle (Fig. 1),
consisting solely of a 1.45-kb segment derived
from yeast chromosomal DNA. This plasmid
contains both the TRPI gene and a sequence
called ARSI (41) and is present in 100 to 200
copies per cell. In contrast to YRp7 (a plasmid
containing the 1.45-kb EcoRI fragment in
pBR322), TRP1 RI Circle is stably maintained in
the absence of selective pressure during both
mitotic and meiotic cell cycles. Indeed, its sta-
bility is similar to that of plasmids which contain
yeast centromere DNA. However, during meio-
sis the TRP1 RI Circle usually segregates 4
Trp+:0 Trp- to the haploid progeny, whereas
plasmids containing centromere DNA segregate
predominately 2 Trp+:2 Trp- (11). Moreover, a
fragment about 10 kb from the TRP1 gene on
chromosome 4 which exhibits centromere activi-
ty has been identified (Stinchcomb, Mann, and
Davis, manuscript in preparation). Thus, the
stability of TRP1 RI Circle is not due to its
containing a centromere. It is also unlikely that
the stability of TRP1 RI Circle can be attributed
solely to its high copy number. Other synthetic
plasmids exist in comparable numbers per cell
but are highly unstable; for example, pXEY26, a
synthetic plasmid with a stability similar to that
of YRp7 (45), is found in 200 copies per cell in
some strains (Zakian and Kupfer, manuscript in
preparation). Likewise, the removal of pBR322
is not sufficient to explain the properties of
TRP1 RI Circle: when a 10.1-kb fragment con-
taining the HIS3 gene of yeast is inserted into
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FIG. 5. Chromatin structure ofTRP1 RI Circle. A, Ethidium bromide-stained 2% agarose gel run for 5 h at 1.8
V/cm as described in reference 28. Spheroplasts were formed and incubated with micrococcal nuclease as

described in the text. Lanes 1 through 6 contain DNA samples from strain NNY1 digested for 0, 3, 6, 12, 24, and
60 min, respectively. Lanes 7 through 12 contain DNA samples from strain JSY12/T digested for 0, 3, 6, 12, 24,
and 60 min, respectively. Each lane contains DNA from -8 x 108 cells. X, HaeIII-digested + X174; Y, EcoRI-
and HindIII-digested YRp7; Z, EcoRI-digested YRp7. B, Autoradiograph of the DNA in A after its transfer to
diazotized paper and hybridization with 32P-labeled YRp7 DNA. C and D, Same material as in A and B treated in
the same manner, except that electrophoresis was for 15 h in TBE buffer (described in the legend to Fig. 2) at 1.25
V/cm.

TRP1 RI Circle, the stability and copy number
of the plasmid decrease dramatically (Scott,
unpublished results). Therefore, we think it
most likely that the stability ofTRP1 RI Circle is
due to its small size, although the removal of

pBR322 and its high copy number may also
enhance its stability.
We have also shown that replication of TRP1

RI Circle is under cell cycle control: replication
does not occur in cells arrested in the Gl phase
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by incubation with a-factor or in the absence of
an active CDC28, CDC4, CDC7, or CDC8 gene
product (Fig. 4). These data agree with earlier
results which indicated that replication of TRP1
RI Circle DNA requires the CDC7 gene product
and does not occur in the presence of a-factor
(Hice and Fangman, unpublished results). The
pattern of replication reported here for TRP1 RI
Circle, a synthetic plasmid, is identical to that
displayed by both yeast chromosomal (19, 20)
and 2,u DNAs (26, 32). In contrast, replication of
yeast mitochondrial DNA (14, 31) and yeast
double-stranded RNAs (47) occurs in cells ar-
rested in the Gl phase of the cell cycle. More-
over, replication of mitochondrial DNA does not
require the products of the CDC28, CDC4, or
CDC7 genes (13, 30).
The dependence of TRP1 RI Circle on the

products of CDC genes for replication and its
failure to replicate in the presence of a-factor
can be interpreted to mean that the information
required for response to cell cycle control fac-
tors is contained within the 1.45-kb EcoRI frag-
ment itself. If so, it should be possible to deter-
mine the portion of this fragment which
responds to these control signals and to isolate
mutations in this DNA sequence or secondary
mutations in the cdc genes (or both) which allow
plasmids to replicate under restrictive condi-
tions. Conversely, TRP1 RI Circle may be situ-
ated in the nucleus of transformed cells, and this
localization may be sufficient to guarantee that
the plasmid replicates in a manner identical to
that of chromosomal DNA. Thus, the subcellu-
lar location of a DNA molecule rather than
specific effector sequences on the DNA mole-
cule could determine its replication pattern. In
either case, the 1.45-kb TRP1 RI Circle must
carry sufficient information either to respond to
cell cycle signals or to insure a nuclear location.

In addition we have shown that TRP1 RI
Circle is organized into nucleosomes whose size
and spacing are indistinguishable from that of
nucleosomes in bulk yeast chromatin (Fig. 5).
The intracellular form of TRP1 RI Circle proba-
bly contains nine nucleosomes, a number suffi-
cient to package fully the DNA molecule. These
data suggest either that the transcriptionally
active plasmid is covered with nucleosomes or
that only a subset of the plasmid molecules are
transcriptionally active in each cell.
The replication and structural properties that

we have described for TRP1 RI Circle DNA are

those expected for an origin of replication de-
rived from yeast chromosomal DNA. These data
provide additional circumstantial evidence that
sequences capable of promoting high-frequency
transformation and extrachromosomal mainte-
nance of recombinant DNA plasmids are acting
as initiation sites for DNA replication. These

results also indicate that the TRP1 RI Circle, a
small, multiple-copy plasmid consisting solely of
yeast DNA, organized into nucleosomes, and
dependent on the products of CDC genes for its
replication, will be a tractable template for in
vitro studies of chromosomal DNA replication.
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